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The manifestation of chiral anomaly in Weyl semimetals typically relies on the observation of
longitudinal magnetoconductance (LMC) along with the planar Hall effect, with a specific magnetic
field and angle dependence. Here we solve the Boltzmann equation in the semiclassical regime for a
prototype of a Weyl semimetal, allowing for both intravalley and intervalley scattering, along with
including effects from the orbital magnetic moment (OMM), in a geometry where the electric and
magnetic fields are not necessarily parallel to each other. We construct the phase diagram in the
relevant parameter space that describes the shift from positive to negative LMC in the presence of
OMM and sufficiently strong intervalley scattering, as has been recently pointed out for only parallel
electric and magnetic fields. On the other hand, we find that the chiral anomaly contribution to
the planar Hall effect always remains positive (unlike the LMC) irrespective of the inclusion or
exclusion of OMM, or the strength of the intervalley scattering. Our predictions can be directly
tested in experiments, and may be employed as new diagnostic procedures to verify chiral anomaly
in Weyl systems.
INTRODUCTION
The Weyl equation, once only constrained to the realm
of high-energy physics [1], has now found relevance in de-
scribing the low-energy quasiparticle excitations of mass-
less three-dimensional chiral electron fluids [2–9]. The
Weyl equation specifically describes the low-energy exci-
tation in the vicinity of doubly degenerate band touch-
ing point. Two such points located at isolated positions
in the momentum space defines a minimal model of the
simplest possible Weyl semimetal (WSM). Topological
properties of Weyl semimetals are encapsulated in the
fact that these diabolic points act as the source and sink
of Abelian Berry curvature, and are protected by a non-
trivial integral Chern number C = ±1 [10–12]. Higher
Chern numbers are also possible in multi-Weyl semimet-
als with non-linear dispersion [13]. It also follows that all
Weyl semimetals must break either time-reversal (TR)
symmetry or spatial-inversion (SI) symmetry, in order
for the Berry flux to have a non-trivial distribution in-
side the Brillouin zone [12]. Many experimental probes
(such as the anomalous Hall effect) [9, 14] are devoted to
the measurement of the Chern number.
Anomalous Hall effect has not been uncommon in con-
densed matter even prior to the discovery of WSMs (see
Ref. [15] and references therein). However, WSMs offer
more interesting physics, unlike previous condensed mat-
ter platforms, due to the realization of quantum anoma-
lies, the most prominent among them being the chiral
or Adler-Bell-Jackiw anomaly [16–23]. Weyl fermions al-
ways appear in pairs (also termed as left/right flavored),
and in the absence of any external gauge or gravitational
field coupling, the numbers of left-handed and right-
handed Weyl fermions are separately conserved. How-
ever, in the presence of background gauge fields, such
as an electromagnetic field, the separate number conser-
vation laws no longer holds true, which is a result of
chiral anomaly. The current conservation law dictates
∂µj
χ
µ =
e2
h2 E · B, indicating charge pumping from one
Weyl node to the other as long as E · B 6= 0. Chiral
anomaly has become one of the most prominent effects
with origin in high energy physics that has been veri-
fied in condensed matter physics experiments, with pos-
sible experimental signatures expected to arise from pos-
itive longitudinal magnetoconductance (LMC) [24–32],
planar Hall effect [33–41], optical gyrotropy [22], and
thermopower [42–44].
Recently it has been realized that positive longitudinal
magnetoconductance is neither a necessary, nor a suffi-
cient condition to prove the existence of chiral anomaly
in Weyl semimetals. Specifically, positive LMC can arise
even in the absence of any Weyl nodes (such as observed
in ultraclean PdCoO2) [45–47]. Secondly, experimentally
it is known that jetting effect can result in false positive
LMC [48] due to extrinsic reasons even in the absence
of chiral anomaly, although in a recent work [49], it has
been shown that by careful measurement of voltage drops
along the mid ridge and edges of the sample, one can
eliminate this effect. On the theoretical front, it is also
now established that Weyl nodes may not always result
in a positive LMC. For strong magnetic fields (when Lan-
dau quantization is relevant), LMC can be either positive
or negative for short-range scatterers, while it is usu-
ally positive for charged impurities [50–56]. In the weak
magnetic field regime, it was believed that the LMC is
positive [57–64], however a recent study by Knoll et al.
(Ref. [65]) has now shown that unlike the earlier claims,
the LMC can be negative for sufficiently strong inter-
valley scattering when orbital magnetic moment (OMM)
effects are included.
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2While Ref. [65] correctly solves the semiclassical Boltz-
mann equation in the specific geometry when the elec-
tric (E) and magnetic (B) fields are parallel to each
other, it still remains to be understood as to how are
the conclusions modified when these fields are not nec-
essarily parallel to each other (the actual and more gen-
eral requirement for chiral anomaly). This is an impor-
tant question to be addressed, pertinent to several recent
and upcoming experiments on Weyl semimetals. Sec-
ondly, the consequence of intervalley scattering in the
presence of OMM on the planar Hall effect has not yet
been explored. This is another equally important prob-
lem, given the fact that several works have reported the
measurement of planar Hall effect on Weyl systems [34–
41]. The current manuscript addresses these two ques-
tions, and solves the Boltzmann equation for a proto-
type of a Weyl semimetal in setup where the E and B
fields are not strictly collinear. Without loss of general-
ity, in our work we will fix E pointing along the zˆ−axis,
while the B rotates in the xz−plane (see Fig. 1). Note
that from elementary field-theory calculations [23], the
chiral chemical potential (µ5) created by the external E
and B fields in the presence of intervalley scattering is
µ5 = 3v
3
F e
2τiE · B/4~2µ2, where vF , τi, and µ denote
the Fermi velocity, scattering time, and the chemical po-
tential, respectively. The corresponding current is given
by j = e2µ5B/2pi
2, which immediately gives us LMC as
well as the planar Hall effect. Although this simple anal-
ysis predicts the angular dependence of the longitudinal
magnetoconductance as well as the planar Hall conduc-
tance, it is by no means obvious as to how the LMC
and planar Hall conductance will behave as a function
of magnetic field in a geometry when the fields are non-
collinear (whether the chiral anomaly contribution is pos-
itive or negative). A detailed calculation in the general
setup including intravalley scattering, intervalley scatter-
ing, and the OMM effects in the semiclassical regime of
experimental interest, is therefore imperative. In fact, as
we shall show, many interesting and non-trivial features
emerge from our analysis.
Specifically, we find that as the angle between the
electric and magnetic field varies from −pi/2 to 0, the
LMC changes from positive to negative (at a particu-
lar angle depending on the relative intervalley scattering
αi) when (i) OMM is present, and (ii) αi is sufficiently
strong (greater than the angle dependent critical value
αγic). Specifically, we also trace out the phase diagram in
γ−αi parameter space that describes the shift from posi-
tive to negative LMC (γ defined as the angle the B−field
makes with the x-axis while the electric field is along the
z-axis, see Fig. 1). For completeness we also perform all
the calculations without the inclusion of OMM, where we
always find a positive LMC at all angles of the B−field,
as well as at all values of the intervalley strength αi. In-
terestingly, the planar Hall conductance always increases
and remains positive with the magnetic field (unlike the
Figure 1. Schematic diagram of the geometry followed in this
work. The electric field points along the zˆ−direction, while
the magnetic field is rotated along the xz−plane. γ is the
angle the magnetic field with respect to the xˆ−axis.
LMC) irrespective of the presence or absence of OMM
or the relative strength of the intervalley scattering. Our
predictions can be directly tested in experiments, and
may be employed as new diagnostic procedures to verify
chiral anomaly in Weyl systems.
Before closing this section, we also briefly comment on
the convention of LMC and the planar Hall conductance
followed in this work. Typically in WSMs, the LMC,
σzz(B) = σ
0
zz + δσzz(B), where σ
0
zz and δσzz(B) refer
to the zero-field value and the chiral anomaly contribu-
tion respectively. If the deviation δσzz(B)/σ
0
zz increases
(decreases) as a function of magnetic field, we term it
as positive (negative) LMC. An equivalent way (followed
here) is to relate σzz(B)/σ
0
zz > 1 (or < 1) to positive
(negative) LMC. For the planar Hall conductance, this
issue does not arise as σxz(B = 0) = 0, and thus the net
planar Hall conductivity comes solely from the anomaly
contribution.
THEORETICAL MODELLING
We will focus on a simple prototype model of a WSM,
consisting of two diabolic Weyl points of opposite chi-
ralities (χ = ±1), ignoring the non-universal corrections
due to band curvature far away from the nodes. The
Hamiltonian expanded around each Weyl point can be
expressed as
H = χ~vFk · σ, (1)
where vF is the Fermi velocity, k is the momentum mea-
sured relative to the Weyl point, and σ is the vector of
the Pauli matrices.
We will resort to the Boltzmann theory to study trans-
port in the presence of weak electric and magnetic fields,
and thus the Landau quantization regime will not be rel-
evant for our discussion. A phenomenological Boltzmann
equation for the non-equilibrium distribution function fχk
3can be written as(
∂
∂t
+ r˙χ · ∇r + k˙χ · ∇k
)
fχk = Icol[fχk ], (2)
where the collision term on the right-hand side incorpo-
rates the effect of impurity scattering. The presence of
Berry flux modifies the semiclassical dynamics of Bloch
electrons in the presence of electric (E) and magnetic (B)
fields as [20]
r˙χ = Dχ
( e
~
(E×Ωχ + e
~
(vχ ·Ωχ)B + vχk)
)
p˙χ = −eDχ
(
E + vχk ×B +
e
~
(E ·B)Ωχ
)
, (3)
where we reserve the index χ indicating that the particu-
lar quantity pertains to a specific chirality. The quantity
vχk is the band velocity, Ω
χ = −χk/2k3 is the Berry cur-
vature, and Dχ = (1 + eB · Ωχ/~)−1 is the factor by
which the phase space volume is modified. Further, the
self-rotating Bloch wavepacket also gives rise to an orbital
magnetic moment (OMM), given by mχk = −evFk/2k2.
In the presence of magnetic field, the OMM shifts the
energy dispersion as χk → χk−mχk ·B. Particular impor-
tance must be paid to the signs in the definition of the
Berry curvature and OMM, which are crucial in obtain-
ing correct results.
The collision integral Icol[fχk ] can be expressed as
Icol[fχk ] =
∑
χ′
∑
k′
Wχχ
′
k,k′(f
χ′
k′ − fχk ), (4)
where the scattering rate Wχχ
′
k,k′ in the first Born approx-
imation is given by [66]
Wχχ
′
k,k′ =
2pi
~
n
V |〈ψ
χ′
k′ |Uχχ
′
kk′ |ψχk〉|2δ(χ
′
k′ − F ) (5)
In the above expression n is the impurity concentration,
V is the system volume, |ψχk〉 is the Weyl spinor wavefunc-
tion (obtained from diagonalizing Eq. 1), Uχχ
′
kk′ is the scat-
tering potential profile, and F is the Fermi energy. The
exact nature of Uχχ
′
kk′ is fixed by the nature of impurities.
For this work, we restrict our attention to non-magnetic
point-like scatterers, but make a clear distinction be-
tween intervalley and intravalley scattering. Therefore
the scattering matrix becomes momentum-independent,
involves no off-diagonal entries in the spinor space, but
retains a chirality dependence, i.e., Uχχ
′
kk′ = U
χχ′I.
The distribution function is assumed to take the form
fχk = f
χ
0 + g
χ
k , where f
χ
0 is the equilibrium Fermi-Dirac
distribution function and gχk indicates the deviation from
equilibrium. In the steady state, the Boltzmann equation
(Eq. 2) takes the following form
−eDχ
[(
∂fχ0
∂χk
)
E ·
(
vχk +
eB
~
(Ωχ · vχk)
)
+
vχk ×B
~
· ∇kgχk
]
=
∑
χ′
∑
k′
Wχχ
′
kk′ (g
χ
k′ − gχk) (6)
The deviation gχk is assumed to be proportional to the
applied electric field
gχk = e
(
−∂f
χ
0
∂χk
)
E ·Λχk (7)
We will fix the direction of the applied external elec-
tric field to be along +zˆ, i.e., E = Ezˆ. Therefore only
Λχzk ≡ Λχk, will be relevant. Further, we rotate the mag-
netic field along the xz-plane such that it makes an angle
γ with respect to the xˆ−axis, i.e., B = B(cos γ, 0, sin γ).
Therefore, when γ = pi/2, the electric and magnetic fields
are parallel to each other (the typical longitudinal mag-
netoconductance geometry). When γ 6= pi/2, the electric
and magnetic fields are no longer parallel to each other.
Keeping terms only up to linear order in the electric
field, and neglecting the terms involving gradient of Λχk
(as they are expected to be small), Eq. 6 takes the fol-
lowing form
Dχ
[
vχzk +
eB
~
sin γ(Ωχ · vχk)
]
=
∑
η
∑
k′
W ηχkk′(Λ
η
k′ − Λχk)
(8)
In order to solve the above equation, we first define the
scattering rate as follows
1
τχk
= V
∑
η
∫
d3k′
(2pi)3
(Dηk′)−1W ηχkk′ (9)
Substituting Eq. 5 in the above equation, we have
1
τχk
=
VN
8pi2~
∑
η
|Uχη|2
∫∫∫
(k′)2 sin θ′Gχη(θ, φ, θ′, φ′)δ(ηk′ − F )(Dηk′)−1dk′dθ′dφ′, (10)
where N now indicates the total number of impu-
rities, and Gχη(θ, φ, θ′, φ′) = (1 + χη(cos θ cos θ′ +
sin θ sin θ′ cos(φ − φ′))) is the Weyl chirality factor de-
fined by the overlap of the wavefunctions. The integra-
4tion variable is changed from k′ to ηk′ by first defining the
following constant energy contour kη in the momentum
space
2~vF kη = ηk +
√
(ηk)
2 − 2eη~Bv2F ξκ(γ, θ, φ), (11)
where κ(γ, θ, φ) = cos γ sin θ cosφ+sin γ cos θ. Note that
we have introduced another variable ξ that can take the
value 0 or 1. This enables us to keep a track of the explicit
dependence on the orbital magnetic moment (ξ = 0 kills
all the OMM effects). The three-dimensional integral in
Eq. 10 can then be reduced to just integration in φ′ and
θ′. The scattering time τχk depends on the Fermi energy
or chemical potential (µ), and is a function of variables
θ and φ. Specifically,
1
τχµ (θ, φ)
= V
∑
η
βχη
∫∫
(k′)3
|vηk′ · k′η|
sin θ′Gχη(Dηk′)−1dθ′dφ′,
(12)
where the prefactor βχη = N |Uχη|2/4pi2~2, and the func-
tional dependence of Gχη on the angular variables is im-
plied but not explicitly mentioned for brevity. Finally,
The Boltzmann equation (Eq 9) takes the following form
hχµ(θ, φ) +
Λχµ(θ, φ)
τχµ (θ, φ)
=
V
∑
η
βχη
∫∫
(k′)3
|vηk′ · k′η|
sin θ′Gχη(Dηk′)−1Ληµ(θ′, φ′)dθ′dφ′
(13)
We will make the following ansatz for Λχµ(θ, φ)
Λχµ(θ, φ) = (λ
χ − hχµ(θ, φ) + aχ cos θ+
bχ sin θ cosφ+ cχ sin θ sinφ)τχµ (θ, φ) (14)
It is thus required to solve for eight unknowns
(λ±1, a±1, b±1, c±1). The L.H.S in Eq. 13 simplifies to
λχ +aχ cos θ+ bχ sin θ cosφ+ cχ sin θ sinφ. The R.H.S of
Eq. 13 assumes the form
V
∑
η
βχη
∫∫
fη(θ′, φ′)Gχη(λη − hηµ(θ′, φ′) + aη cos θ′+
bη sin θ′ cosφ′ + cη sin θ′ sinφ′)dθ′dφ′,
(15)
where
fη(θ′, φ′) =
(k′)3
|vηk′ · k′η|
sin θ′(Dηk′)−1τχµ (θ′, φ′) (16)
The above equations, when written down explicitly take
the form of seven simultaneous equations to be solved
for eight variables. The last constraint comes from the
particle number conservation∑
χ
∑
k
gχk = 0 (17)
Thus Eq. 14, Eq. 15, Eq. 16 and Eq. 17 can be solved
together with Eq 12, simultaneously for the eight un-
knowns (λ±1, a±1, b±1, c±1). Due to the complicated na-
ture of the problem, the associated two dimensional inte-
grals w.r.t {θ′, φ′}, and the solution of the simultaneous
equations are all performed numerically. Note that the
above procedure has to be repeated for each value of γ.
Once the solution to the Boltzmann equation is ob-
tained, we can then evaluate the linear response conduc-
tivities (σzz and σxz). The current density is given by
j = − eV
∑
χ
∑
k
r˙χfχk (18)
Substituting the expressions for r˙χ and fχk , we have
j = −e
∑
χ
d3k
(2pi)3
[ e
~
(E×Ωχ) + e
~
(vχ ·Ωχ)B + vχ
]
×
[
f0(
χ
k)− e
(
∂f0(
χ
k)
∂χk
)
EΛχ
]
(19)
From the above expression, the longitudinal conductiv-
ity (σzz) and the Hall conductivity (σxz) are evaluated
(in the zero-temperature limit) to be
σzz = −e
∑
χ
1
(2pi)2
∫∫
(kχ)3
~|vχk · kχ|
×
[
−e
2
~
(vχ ·Ωχ)ΛχB sin γ − eΛχvχz
]
(20)
σxz = −e
∑
χ
1
(2pi)2
∫∫
(kχ)3
~|vχk · kχ|
×
[
−e
2
~
(vχ ·Ωχ)ΛχB cos γ − eΛχvχx
]
(21)
We also define the coefficients (ζxz and ζzz) that will be
useful in discussing the behaviour of the above conduc-
tivities
σxz = ζxzB
2 + σ0xz (22)
σzz = ζzzB
2 + σ0zz, (23)
where σ0zz and σ
0
xz are conductivities at zero magnetic
field. These coefficients are obtained numerically, solv-
ing the Boltzmann equation for each value of the B−field,
and making a quadratic fit to the data. The linear-in-
B coefficients are expected to vanishe because the Weyl
cones are untilted [64]. Particularly, we will be inter-
ested in the sign of ζzz that directly relates to positive or
5negative LMC. Similarly the sign of ζxz will relate to in-
creasing or decreasing planar Hall magnetoconductance
(with respect to the applied magnetic field).
RESULTS
Having solved the Boltzmann equation, we now present
the results for LMC as well as the planar Hall conductiv-
ity. In what follows we will denote the the ratio of inter-
valley scattering strength (βηη
′
) to the intravalley scat-
tering strength (βηη) by αi, i.e., αi = β
+−/β++. Fur-
ther, valley symmetry is respected such that βηη
′
= βη
′η.
Fig. 2 summarizes the behavior of LMC σzz in the pres-
ence of OMM. First, at any particular angle γ (not too
close to 0 or pi), we find that the LMC increases with the
magnetic field until a critical value of αi = α
γ
ic is reached
(the superscript γ indicates that this critical value is an-
gle dependent). For αi > α
γ
ic, we find that the LMC
decreases with increasing magnetic field. Second, for a
fixed value of (large enough) αi, the LMC can be either
negative or positive depending on the angle γ. On the
other hand, we find that when γ is closer to 0 or pi, LMC
is generally positive, unlike the previous case. As a cross-
check to our general calculation, we also verify the value
of α
pi/2
ic ≈ 0.78 as obtained in Ref. [65]. Lastly, when plot-
ted as a function of angle, σzz roughly is seen to follow
the sin2 γ trend [33] (at all values of αi).
In order to get a more quantitative picture, we plot
the coefficient ζzz in Fig. 3. As noted earlier, the sign of
the coefficient ζzz directly relates to positive or negative
LMC. The value αγic thus corresponds to the case when
ζzz = 0. Starting with γ close to 0, we find that ζzz is
(i) small and (ii) positive for a wide range of αi. This is
expected because if the electric and magnetic fields are
almost perpendicular (though they need not be exactly
perpendicular) to each other, and thus chiral anomaly
effects are not pronounced. As γ is slowly increased to
pi/2, ζzz first increases with γ, and remains positive until
αi < α
γ
ic, again indicating that the chiral anomaly in-
duced LMC are most pronounced when electric and mag-
netic fields are parallel to each other. When αi crosses
αγic, we find a qualitative inversion of this feature, i.e., the
ζzz becomes the most negative when γ = pi/2 compared
to other values of γ. This suggests that the manifesta-
tion of negative LMC is also a highlight of chiral anomaly,
and not a suppression due to effects of OMM. Interest-
ingly, we find that there exists a specific value of αi <min
{αγic}, where the coefficient ζzz is the same for all the an-
gles γ. Lastly, we also note that αγic is less sensitive to
the actual value of γ (as long as γ is not too far away
from pi/2). These features are succinctly summarized in
the contour plot (Fig. 3 right) that maps the coefficient
ζzz in the γ − αi parameter space. We note that αγic is
largely insensitive to 0.15 . γ . 0.85, but then changes
drastically for 0 < γ . 0.15 and 0.85 . γ < pi.
Next, we discuss the planar Hall conductivity σxz in
the presence of orbital magnetic moment presented in
Fig. 4. Even for large intervalley scattering (αi = 1.54),
the planar Hall conductivity σxz is observed to always in-
crease quadratically with the applied magnetic field. This
is in contrast to LMC that was observed to decrease at
large values of αi (αi > α
γ
ic). As expected, the corre-
sponding coefficient ζxz is always positive. Keeping the
angle γ fixed, as αi is increased, ζxz is initially seen to in-
crease but then decreases after reaching a maximum (at
around αi ∼ 1.3). When αi is increased further, ζxz again
reaches a minimum (when αi ∼ 1.8), and then increases
again (the minimum never falls below zero). As expected,
the coefficient ζxz varies the most when E and B are par-
allel to each other. Finally, when plotted as a function of
γ, σxz resembles the sin γ cos γ trend (Ref. [33]), for all
values of αi.
We now move on to the discussion of LMC without
including the effects of orbital magnetic moment, which
is presented in Fig. 5. The first observation is that LMC
is always observed to increase with respect to the exter-
nal magnetic field, irrespective of the magnitude of αi,
as well as the direction of the magnetic field γ (both
of which only have quantitative effects on the magne-
toconductance). When plotted as a function of γ, the
sin2 γ trend is observed like the previous case with OMM
(Fig. 2). Now, if we compare the actual magnitudes,
then we find that for αi  min {αγic} (when LMC
should be positive even with OMM), the LMC in the
presence of OMM is larger than LMC in the absence of
OMM. For example when αi = 0.43, and γ/pi = 0.43,
then σzz(0.6T )/σzz(0) ∼ 1.01 with OMM, compared to
∼ 1.005 without OMM. This suggests that effects associ-
ated with inclusion of the orbital magnetic moment work
in conjunction with the intervalley scattering to enhance
the signatures of chiral anomaly, and not suppress them.
As a consequence, the coefficient ζzz always remains
positive without OMM (Fig. 6.), although again, we do
note that the actual magnitude of ζzz actually does de-
crease when OMM is absent (irrespective of the sign of
ζzz). Interestingly, even in this case we also find that
there exists a particular value of αi, where the coefficient
ζzz at all directions of the magnetic field become equal to
each other. Beyond this conjunction point, we note the
inversion feature (as also noted in Fig. 3), however, the
inversion is far above the ζzz = 0 axis, and thus the co-
efficients always remain positive. Finally, these features
are summarized in the contour plot of ζzz in the γ − αi
parameter space.
We finally discuss the results of the planar Hall con-
ductivity in the absence of OMM as presented in Fig. 7.
Even for large intervalley scattering (αi = 1.54), the pla-
nar Hall conductivity σxz is observed to always increase
quadratically with the applied magnetic field (as the case
with OMM in Fig. 4). As a consequence, the correspond-
ing coefficient ζxz is always positive. Keeping the angle
6Figure 2. The behaviour of the longitudinal magnetoconductivity σzz in the presence of orbital magnetic moment. Left: σzz
vs. B at a fixed direction of the magnetic field B (not parallel to E) for various values of the relative intervalley scattering αi.
Beyond a critical αi the chiral anomaly contribution to σzz becomes negative as the LMC decreases with the magnetic field.
Centre: σzz vs. B at a fixed value of αi for various directions of the magnetic field. As γ varies from zero to pi/2, we observe
that the LMC contribution goes from positive to negative, and then again from negative to positive as γ changes from pi/2 to
pi. Right: σzz as a function of the direction of the magnetic field for various values of αi, roughly following the sin
2 γ trend.
Figure 3. The coefficient ζzz (that explicitly indicates the sign of the LMC, see Eq. 22 and Eq. 23) in the presence of OMM.
Left: The coefficient ζzz as a function of αi for various directions of the magnetic field. We note that ζzz changes sign at
almost all directions of the magnetic field (except for γ → 0 or γ → pi). The inversion feature is also well noted (i.e., the
largest positive ζzz when αi < α
γ
ic becomes the largest negative when αi > α
γ
ic ) Centre: The coefficient ζzz as a function of the
direction of the B−field for various values of αi. For the intervalley scattering αi beyond some critical strength, a sign change
of the coefficient is observed as a function of γ. Right: A contour plot of the the coefficient ζzz as a function of the direction of
the applied B−field and the intervalley strength αi. We explicitly map the γ − αi curve in the parameter space, i.e., the αγic
curve, where the LMC sign change occurs.
Figure 4. The behaviour of the planar Hall conductivity σxz and the corresponding coefficient ζxz in the presence of an orbital
magnetic moment. Left: The planar Hall conductivity σxz always increases with the applied magnetic field in ∼ B2 fashion
even with strong intervalley scattering (αi = 1.54) At each value of γ, the value of conductivity is normalized by it’s value
at B = 0.5T . Centre: The corresponding coefficient ζxz as a function of the direction γ for different intervalley scattering
strengths αi. No change of sign is observed in the coefficient at any value of γ or αi unlike LMC. Right: σxz as a function
of the magnetic field direction γ following the sin γ cos γ trend. Here, the value of conductivity is normalized by it’s value at
B = 0.5T for each value of αi.
7Figure 5. The behaviour of longitudinal magnetoconductivity σzz in the absence of orbital magnetic moment. Left: σzz vs. B
at a fixed direction of the magnetic field B (not parallel to E) for various values of the relative intervalley scattering strength
αi. The chiral anomaly contribution to σzz is always positive. Centre: σzz vs. B at a fixed value of (strong) αi for various
directions of the magnetic field. Again, the chiral anomaly contribution to σzz is always positive. Right: σzz as a function of
the direction of the magnetic field for various values of αi, roughly following the sin
2 γ trend.
Figure 6. Left: The coefficient ζzz (that explicitly indicates the sign of the LMC, see Eq. 22 and Eq. 23) as a function of αi for
various directions of the magnetic field. There is no change of sign an any value of αi. Centre: The coefficient ζzz as a function
of the direction of the B−field for various values of αi. Again, no change of sign is observed since the coefficient always remains
positive. Right: A contour plot of the the coefficient ζzz as a function of the direction of the applied B−field and the intervalley
strength αi. Throughout the parameter space, ζzz is always positive, indicating that the sign of LMC is always positive. Thus
the chiral anomaly contribution to σzz is always positive in the absence of orbital magnetic moment.
Figure 7. The behaviour of the planar Hall conductivity σxz and the corresponding coefficient ζxz in the absence of orbital
magnetic moment. Left: The planar Hall conductivity σxz always increases with the applied magnetic field in ∼ B2 fashion even
with strong intervalley scattering (αi = 1.54) The value of conductivity is normalized by it’s value at B = 0.5T for each value
of γ. Centre: The corresponding coefficient ζxz as a function of the direction γ for different intervalley scattering strengths αi.
The coefficient is always positive, indicating a positive contribution to PHE regardless of the direction of the magnetic field or
the magnitude of the intervalley scattering strength. Right: σxz as a function of the magnetic field direction γ following the
sin γ cos γ trend. Here, the value of conductivity is normalized by it’s value at B = 0.5T for each value of αi.
8γ fixed, as αi is increased, ζxz is initially seen to in-
crease but then decreases after reaching a maximum (at
around αi ∼ 1.8). When αi is increased further, ζxz
again reaches a minimum (when αi ∼ 2.2), and then in-
creases again (the minimum never falls below zero). As
expected, the coefficient ζxz varies the most when E and
B are parallel to each other. This behaviour is qualita-
tively similar to Fig. 4, but the actual magnitudes of the
coefficient ζxz (for fixed αi and γ), is greater in the pres-
ence of OMM when compared to the magnitude in the
absence of OMM. Finally, when plotted as a function of
γ, σxz resembles the sin γ cos γ trend, for all values of αi.
DISCUSSION AND CONCLUSIONS
Unlike earlier claims in the literature, the observa-
tion of positive longitudinal magnetoconductance can no
longer be thought of as a definitive signature of the man-
ifestation of chiral anomaly in Weyl semimetals. As
we show here (and as also shown recently [65]), chiral
anomaly can result in both positive or negative LMC de-
pending on the relative strengths of the intervalley and
intravalley scattering. In fact, if only intervalley scat-
tering is considered, we find that LMC must indeed al-
ways be negative, at least when the semiclassical condi-
tions are met in the experiments. Thus concluding the
manifestation of chiral anomaly, based only on the in-
crease/decrease of LMC is by no means sufficient. There-
fore, more definitive signatures are required to confirm
whether the physical mechanism at play comes from chi-
ral anomaly or something else. Some such signatures can
arise when we consider a general configuration of the ap-
plied fields, i.e., the electric (E) and magnetic (B) fields
and not necessarily parallel to each other. For example,
as followed in this work, the direction of the electric field
can be held fixed, and the B−field can be rotated, and
the quantities σzz (longitudinal conductivity) and σxz
(planar Hall conductivity) can be measured.
In this work, we have solved the Boltzmann equation
for a simple prototype of Weyl semimetal, in the presence
of orbital magnetic moment, as well as both intraval-
ley and intervalley scattering, in a general configuration
when the applied fields are no longer parallel to each
other (the angle between the fields related by the param-
eter γ, and γ = pi/2 indicating both fields are parallel
to each other, see Fig. 1). We find that at a particular
angle γ (not close to 0 or pi), the LMC increases and
remains positive with the magnetic field until a critical
value of the intervalley scattering αi = α
γ
ic is reached. For
αi > α
γ
ic, we find that the LMC decreases and becomes
negative with increasing magnetic field. For a fixed value
of (large enough) αi, the LMC can be either negative or
positive depending on the angle γ. Specifically, LMC is
typically always positive (when γ is close to 0 or pi), but
changes sign as γ moves away from 0 or pi. These features
are also discussed in terms of a related quantity (the co-
efficient ζzz), that gives us the estimate of the magnitude
and sign of chiral anomaly contribution. When αi crosses
αγic, we find a qualitative inversion of ζzz, i.e., ζzz is the
largest positive at γ = pi/2 when αi < αic, and becomes
the largest negative when αi > αic, compared to other
values of γ. This suggests that the manifestation of neg-
ative LMC is also a highlight of chiral anomaly (just like
positive LMC), because chiral anomaly effects are pro-
nounced when the E and B fields are parallel to each
other.
This angular dependence of the sign of LMC (change
from positive to negative) can be regarded as a key
signature of the underlying specific mechanism at play
(namely, chiral anomaly). This is expected to be true
because in a generic metal without Weyl nodes, LMC
is generally expected to remain negative and not change
sign as the direction of the applied B−field is rotated. On
the other hand, even if positive LMC is observed without
Weyl nodes (as in PdCoO2), again, a change of sign is
unlikely, if the B−field is rotated. We have also explicitly
mapped out the phase diagram of the coefficient ζzz in
the αi − γ parameter space, which traces out the curve
αγic, that can also be mapped experimentally. Addition-
ally, we also explore the planar Hall conductivity (σxz)
in this setup. We find that σxz, unlike LMC, always in-
creases with a positive chiral anomaly contribution, as a
function of the applied magnetic field, irrespective of the
direction of the magnetic field and the strength of the rel-
ative intervalley strength αi (showing only quantitative
variations with respect to both these parameters). Fi-
nally, we solve for both σzz and σxz, excluding the effects
of the orbital magnetic moment, and find that the chiral
anomaly contribution always increases with the magnetic
field irrespective of the angle γ and the intervalley scat-
tering strength αi. Our predictions can be directly tested
in experiments, and may be employed as new diagnostic
procedures to verify chiral anomaly in Weyl semimetals.
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